Abstract. In an attempt to optimize the friction spot joining process of Al alloys for automobiles (Al 5000 and Al 6000 series, thickness 1mm), effects of joining parameters such as tool rotating speed, plunging depth and dwelling time on the weld joints properties were evaluated. Experimental tests were carried out for lap joined Al plates. A wide range of joining conditions could be applied to join Al alloys for automobiles without defects in the weld zone except for certain welding conditions with an insufficient heat input. The microstructures and hardness variations in the weld regions are discussed. The microstructures of welds, corresponding to the pin hole, have dynamic-recrystallized grain similar to stir zone in FSW weld. In hardness distribution, minimum hardness region was located about 6-mm away from the weld center, corresponding to the shoulder radius of the tool. For each weld the results from tensile-shear tests are also presented. For sound joints without defects, tensile shear strength of weld joints was higher approximately 230% than acceptable criteria of tensile shear strength of electrical resistance spot-welded joints for aluminum (MIL-W-6858D).
Introduction
Automobile makers have worked on lightening the car body than before by the purpose of the fuel cost performance improvement and the driving performance improvement. However, the element of the weight increase has increased by strengthening the collision safety measures in recent years. Moreover, the importance of environmental problems is increasing especially. It is necessary to accelerate the body lightening from the viewpoint of the CO 2 gas exhaust decrease and the fuel consumption reduction more and more for the automaker and it can be said that it is a social responsibility. [1] [2] Nowadays, the aluminum application is extended to body members of popular models. For assembling auto-body members of steel, resistance spot welding (RSW) is widely applied. However, in the case of joining aluminum parts, there are some problems such as distortion, defects, etc. that limit widespread use of RSW. In addition, When applied to aluminum alloys, RSW required much electric power and numbers of electrodes to be renewed in short term. [1] [2] Friction spot joining (FSJ) looks like minimize these problems. FSJ process has significant advantages compared with conventional fusion welding processes from viewpoints of weld joint qualities and energy consumption during the procedure. Moreover, FSJ system does not need several additional equipments that are necessary in RSW system, for example, tip dresser, cooling system, etc. The process is schematically illustrated in Fig. 1 , and the ideal process sequence of the FSJ is illustrated in Fig. 2 . First, a pin at the tip of the tool rotating in a certain speed is first plunged into the upper plate and a backing bar beneath the lower plate supports downward force applied to the tool. Second, the tool rotation and the downward loading are both continued for an appropriate time to generate sufficient frictional hear. In this stage, plastic flow of the material that is softened by the friction heat occurs in the area around the pin. Finally, after the tool is drawn out of the material, the joint between the upper and the lower plates is completed at the area where the plastic flow occurred. [3] Experimental procedure Materials Preparation. Specimens of aluminum alloys 5052-H32, 30mm in width, 100mm in length, 1mm in thickness and 6111-T4, 30mm in width, 100mm in length, 1mm in thickness were used. Lap-shear geometry with 30mm overlap was constructed. A friction spot joining tool, made of H13 tool steel, was used under various conditions of joining parameters. The tool used to in the present study had a shoulder diameter 11mm, a pin diameter of 3mm and a pin length of 1.5mm. Experimental conditions. The mechanical properties of FSJ joints were evaluated five or six factorial experimentation using rotational speeds (500 to 3000 RPM), Plunge depths (1.5mm to 1.9mm) and Dwell times (0.5sec to 2.5sec) respectively. Joint mechanical properties were evaluated during tensile-shear loading at a rate of 5mm/min and measuring the highest tensile-shear strength. Co-planar alignment of the 30mm×100mm sheets was maintained during overlap shear testing using the set-up shown in Fig. 3 . The Vickers hardness test was performed in the cross-section 0.5mm and 1.5mm from upper plate using 0.5kgf load for 12sec. The microstructures of the welding zone were observed by optical microscopy. The samples were polished using conventional polishing methods. During metallographic examination the test sections were electrolysis etched at 20V using Barker's reagent comprising 4ml hydrofluoric acid and 200ml H 2 O when examining AA 5000 series base material, and 3ml nitric acid, 6ml hydrochloric acid, 6ml hydrofluoric acid, and 150ml H 2 O for AA 6000 series alloy.
Results and discussion
Optical microstructure results. The macroscopic overview and microstructures of the cross-section of friction spot joined AA5052 alloy and AA6111 alloy are shown in Fig. 4 and Fig. 5 . Joining conditions were each of that tool rotational speed is 1000rpm, dwell time is 2sec, and plunge depth is 1.8mm in AA5052 and rotational speed is 1500rpm, dwell time is 2sec, and plunge depth is 1.8mm. Similar to microstructures in FSW weld, welds exhibit four distinct regions, namely: (1) stirred zone (SZ), (2) thermo-mechanical affected zone (TMAZ), (3) hear affected zone (HAZ), (4) base metal. The base metal of AA5052 alloy and AA6111 alloy contains elongated grains having diameter about 24µm in the rolling direction. The stirred zone consisted of dynamic-recrystallized, fine, equiaxed grains approximately 6-8µm in AA5052 alloy and 9µm in AA6111 alloy. A zone called TMAZ, which has been plastically deformed and thermally affected, is adjacent to the stirred zone. TMAZ is characterized by a rotation of the elongated grains of the base metal. In the heat affected zone, the grain was coarse about 28µm in AA5052 and 29µm in AA6111. Hardness results. The representative hardness profiles measured along the transverse cross section of the welded specimens at the 0.5mm and 1.5mm from the upper plate both AA5052 and AA6111 alloy are indicated in Fig. 6 . As can be seen from this figure, the hardness value decreased towards the HAZ from the base metal. But the stirred zone had an average hardness value of about 75 Hv, which is higher than that of the AA5052 (68 Hv) and the AA6111 base metal (72 Hv). It looks like depend on that grain size is finer grains than that of the base metal. The minimum hardness is located around 4-7mm from the weld center. This hardness reduction is indicated to the HAZ in the Al alloy and characterized by the dissolution of all precipitates. [6] The decrease in the hardness values in the HAZ indicates that there is no high enough temperature during the welding to take place micro-structural changes. Mechanical properties. There are many parameters in FSJ process, three parameters had chosen in this study. Within the parameters used to control the FSJ process, the most critical ones are tool rotational speed(rpm), dwell time after tool full penetration (sec), tool plunge depth into the sample(mm). After two parameters had fixed, only one parameter was changed all of the cases. Fig. 7 , Fig. 8 and Fig. 9 show the relationship between tensile shear failure load and each parameter (rotational speeds, dwell times, plunge depths) in the AA5052 alloy. The fracture shape is also indicated under all the joining conditions after tensile shear testing. All of cases, initially the failure load increased with those parameters were changed. It reached a maximum value and then dropped off as parameters were further increased. In the AA5052 alloy, the condition for best weldability adopted were that tool rotational speed was 1000rpm, dwell time was 2sec, and plunge depth was 1.8mm. At these conditions ultimate tensile shear failure load in the direction perpendicular to the elongated direction of the base metal was about 3700N per spot in the AA5052 alloy. Fig. 10 , Fig. 11 and Fig. 12 show tensile shear failure load were plotted against three parameters (rotational speed, dwell time, and plunge depth) and moreover fractured shapes of sample were described after tensile shear testing in the AA6111 alloy. In the AA6111 alloy the condition for best weldability adopted were that rotational speed was 1500rpm, dwell time was 2sec, and plunge depth was 1.8mm. At these conditions ultimate tensile shear failure load in the direction perpendicular to the elongated direction of the base metal was about 4000N per spot in the AA6111 alloy. The shape of fractured specimen can classify as the shear fracture, plug fracture and tear fracture three kind types. All of types observed in the AA5052, but the case of the AA6111 alloy were observed plug fracture and shear fracture. The results show that there are significant differences between the shapes of fractured specimens. In these cases of tear fracture and plug fracture was higher failure loads than the case of shear fracture. The failure load during overlap tensile shear testing was higher when the joined area, see Fig. 13 . The value of joint area is given by ) ( 4
where S is joint area (mm 2 ), D J is total diameter of joint including diameter of the pin (mm), and D P is diameter of the pin (mm). The results show that the failure load increases significantly with increase of joint area. The shape of plug fracture and tear fracture was higher failure load than shear fracture one and also joint area in the shape of tear and plug fracture was wider than other. On the other hand, the shape of plug fractured was lower failure load than shear fracture one was partially observed. When excessive tool plunged depth occurred upper plate thickness was decreased due to plunging the tool shoulder. At this time the stirred zone has grown beyond a certain size and the weakest point in the joint has moved from the stirred zone to the upper plate. In this case the transition of the fracture path occurs when dwell time was around 1.5sec. We are considered as the thing by being a decrease reason of the failure load. In addition potion of fracture A comparison was made between resistance spot welds and friction spot welds of similar size, see Fig. 14. For sound joints without defects, average tensile shear failure load of friction spot joined joints was higher approximately 217% in AA5052 and 230% in AA6111 than minimum average tensile shear failure load of resistance spot-welded joints for aluminum alloys. In the figure RSW joint failure load required in the Military Standard (MIL-W-6858D) is also indicated, and FSJ joint satisfies the requirement with a sufficient margin. 
Conclusions
This study investigated the effect of key parameters of friction spot joining aluminum alloys for automotive applications. It was found that: 1. When tool rotational speed is 1000rpm, plunge depth is 1.8mm, and dwell time is 2sec, tensile shear failure load was highest value in AA5052-H32 but when rotational speed is 1500rpm, plunge depth is 1.8mm, and dwell time is 2sec, tensile shear failure load was highest value in AA6111-T4.
2. The grain size in the stirred zone is about three times smaller than that in the base metal and in the HAZ is about one point two times bigger than that in the base metal two of materials 3. Hardness distribution of FSJ joint in two types of Al alloys was decreased from base metal to HAZ, but higher or similar hardness value observed in stir zone as against base metal.
4. For sound joints without defects, average tensile shear failure load of friction spot joined joints was higher approximately 217% in AA5052 and 230% in AA6111 than acceptable criteria of minimum average tensile shear failure load of resistance spot-welded joints for aluminum alloys (MIL-W-6858D).
